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Abstract
Electroweak theory is extended to SUL(2)×UY(1)×Uφ(1), where Uφ(1) comes from the coupling of
inflaton field to Higgs field. There arises an extremely light boson, Yµ. We resemble it as the wavelike dark
matter, ΨDM, through the dynamical analysis. The interactions of Yµ may provide an explanation for the
Bullet Cluster observations. Besides, a possible mechanism to produce Yµ is discussed.
I. Introduction
Dark matter (DM) particles, excluded from
the Standard Model (SM), abundantly exist in
the Universe and form halos around galaxies
[1]. DM is assumed to be collisionless, mov-
ing nonrelativistically and interacting primar-
ily through gravity in the cold dark matter
(CDM) model [2]. This model speaks well for
the large scale structure of cosmos, which is
shaped by DM. However, it suffers from the
core-cusp problem [3], in which the prediction
of CDM model is inconsistent with the obser-
vations at small scale. That is, an increasingly
sharp density profile [4] is cast, whereas flat-
core density profiles of DM dominated dwarf
galaxies [5] and low surface bright galaxies [6]
have been observed. Apparently, it seems nec-
essary to come up with new physics concepts
in DM formation. Two examples are given to
complement the mechanism, ΨDM [7] and the
Bullet Cluster (BC) [8]. We will connect these
two sectors with a concordant model.
Firstly, to remedy the cuspy problem, an
ultralight boson particle ∼ 10−22 eV, termed
ΨDM, is introduced [7] by countering the
gravity through uncertainty principle of galac-
tic wavelengths and forming clumps through
Bose-Einstein condensation (BEC) by self-
gravity. ΨDM model has not got much atten-
tion until recently the impressive work, simu-
lated via adaptive mesh refinement and GPU
technology by Schive et al. [9], has shown not
only an obvious flat-core profile of DM dis-
tribution on sub-galactic scale but also an in-
distinguishable large scale structure of cosmic
filaments and voids from CDM model. Con-
sequently, it greatly enhances the confidence
to adopt ΨDM as a candidate of DM particle.
In another scenario, galaxy cluster collision is
the process of merging clumps of intracluster
gases (emitting X-ray), dark matter (observed
by gravitational lensing), and galaxies. Ob-
serving the typical case of BC [8], the dark-
matter clumps pass through each other with-
out a prominent interaction with each other,
which may slow down the DM clumps. On the
other hand, the study [10] indicates that a non-
gravitational force of DM may interact with
visible matter, the SM particles, by measuring
the spatial offsets. This study [10] provides an
evidence to testify whether the DM particle is
collisionless or not.
Despite the success of ΨDM model, the
existence of such an extremely light particle
is implicit [11] and the mechanism of non-
gravitational force in BC also lacks proper ex-
planations [12]. We observe that an ultralight
boson particle arises from the weakly coupling
of inflation field with Higgs field, which will
also provide the interpretation to BC naturally.
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As one can conceive, the inflation model may
go further to be incorporated in SM and DM
particle can be formulated in the extended SM.
In the cosmic inflation regime [13], the in-
flation field, or inflaton, dubbed F here, ex-
erts a great negative pressure and drives the
very early universe to expand quickly through
its plateau-like potential. This theory may
be testified via Cosmic Background Explorer
(COBE), Wilkinson Microwave Anisotropy
Probe (WMAP) and Planck mission [14], since
the inflation magnifies the small fluctuations
into mega fluctuations, e.g. the large scale
structure and anisotropies in CMB (e.g., [15]).
Moreover, in the post-inflation era, the inflaton
theoretically loses most of the energy and de-
cays into other particles dramatically during
reheating phase [16]. The core assumption we
propose in this letter is that the inflatons may
decay but not die out. After reheating, they be-
come very dilute and evenly distributed in the
Universe that particles are very rarely collided
by inflatons and corresponds to an extremely
small but non-negligible coupling constant.
Even so, how could the inflaton still affect
the Universe? Could we incorporate it into
SM without harming the perfect mechanism
of SM? The inspiration is to weakly couple
inflaton field with Higgs field, analogous to
the cooling process of a ferromagnet under an
external field. To mimic the process, since in
SM the Higgs fields are set to be a doublet,
Φ =
(
φ+
φ0
)
[17], we also arrange the inflation
fields into the same form, F =
(
F1
F0
)
. Then
there arises a natural coupling with a constant
c,
L1 = c(F+Φ+Φ+F) (1)
where F and Φ play the role of the external
field and magnetization, respectively.
Moreover, in the Higgs-field spanned inter-
nal space, L1 drives a local potential minimum.
One could find that in this scenario a perturba-
tion energy will stimulate an extra phase from
the potential minimum. Consequently, a new
gauge transformation Uφ(1) and a gauge field
are introduced to preserve the gauge symme-
try caused by the phase. A further application
to coupling the new gauge field to inflaton im-
plies the extremely light mass. Through the
nonrelativistic approach, we resemble Yµ as
ΨDM using the mechanism of Bose-Einstein
Condensation (BEC) [18] and its extremely
light mass. Additionally, in BC the bizarre
behavior of DM of exerting the force on or-
dinary particles but ignoring self-interactions
may be qualitatively explained by considering
the interaction Lagrangian of Yµ via mimick-
ing Compton scattering and γ− γ interaction
separately. In the end, we talk about a possible
mechanism to produce Yµ abundantly, related
to the coupling constants.
II. Theory
To begin with, we illustrate an old phe-
nomenon: a ferromagnet is perturbed by an
external field H. We may write down the free
energy as [17] EF =
∫
d3x[ 12 (∇S)2 + m(T −
Tc)S2 + nS4 − H · S]. Obviously, a local po-
tential minimum has the preferred orienta-
tion dependence along H. Analogous to H · S
, we have L1 = c(F+Φ + Φ+F) , as men-
tioned earlier. In polar-coordinate representa-
tion of field-space, set φ = ρeiθ = ρ(cos θ +
i sin θ), such that L1 = c[
(
F∗1 F
∗
0
) (φ+
φ0
)
+(
φ∗+ φ∗0
) (F1
F0
)
] = c(cos θ + b sin θ), where
a = (F∗1 ρ+ + F
∗
0 ρ0 + ρ+F1 + ρ0F0),
b = i(F∗1 ρ+ + F
∗
0 ρ0 − ρ+F1 − ρ0F0). The po-
tential of Higgs field,
V = µ2(Φ∗Φ) + λ(Φ∗Φ)2 − c(F∗Φ+Φ∗F)
= µ2(Φ∗Φ) + λ(Φ∗Φ)2 − c(a cos θ + b sin θ)
(2)
, which has a potential minimum along θ in
internal space spanned by Φ as shown in figure
1. Note that this minimum is independent of
µ2.
In the valley plain of the potential minimum,
we can loosely choose θ as a phase to be trans-
formation invariant since the potential is rather
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Figure 1: the tilted potential composed by affected Higgs
fields shows a θ dependence
Figure 2: an excited energy ∆E stimulates δ from the
potential minimum.
flat in the vicinity of the minimum. One should
note that < θ >= θ0 corresponding to the
potential minimum. However, in contrary to
moving around θ0, the perturbation energy ∆E
enters in the potential and excite an energy
difference ∆V that will trigger a large displace-
ment δ deviated from θ0, as shown in figure
2. Since the perturbation δ expressed in polar
coordinate performs as the phase difference,
we extend the phase δ to a transforming in-
variance and pursue a gauge symmetry. In the
case of phase transformation of global gauge,
Φ→ Φ′ = eiδΦ one can find that V → V′ ≈ V,
where we set θ = θ0 + δ and expand around
θ0 in the potential of Eq. (2). It is ∂V∂θ |θ0 = 0
that the Lagrangian is approximately symme-
try to the first order. Therefore, in addition
to choosing the ordinary U(1) = eiθ transfor-
mation, we can make an extra Uφ(1) = eiδ
transformation to seek a global symmetry. Sim-
ilarly, we have to introduce a new gauge field
Cµ in the local gauge transformation. A co-
variant derivative DµΦ = ∂µΦ + iCµΦ is in-
troduced to derive DµΦ→ D′µΦ′ = eiδ(x)DµΦ.
Also, the gauge field transforms as Cµ → C′µ =
Cµ − ∂∂xµ δ. As a result, in our semi-classical
approach the δ, aroused by ∆E, in the coupling
L1 = c(F+Φ + Φ+F) forces us to pick up a
transformation, termed Uφ(1) = eiδ.
For the sake of discussing the effect of Uφ(1)
in Standard Model, the dynamics of Cµ and its
coupling need elucidation. Since the Uφ(1) sim-
ply comes from the potential deviation in the
internal space, on which the UY(1) relies (as
shown in Figure 1), Uφ(1) and UY(1) should
share the same weakhyper charge, Y, but dif-
fer in strength. Accordingly, we denote the
coupling constant of Uφ(1) as g
′′
to be distin-
guished from g′ of UY(1). Thus, we are coming
to face the scenario of a modified electroweak
theory with SUL(2)×UY(1)×Uφ(1). As for
the total covariant derivative of Higgs field,
we have DµΦ = (∂µ + i 12 gτ · Aµ + i Y2 g′Bµ +
i Y2 g
′′
Cµ)Φ and L2 = (DµΦ)+(DµΦ).
Focusing on the Lagrangian of massive terms
of L2, we have
3
L′2 = M2wW+µ Wµ−+
v2
8
(
A3µ Bµ Cµ
) g2 −gg′ −gg”−gg′ g′2 g′g”
−gg” g′g” g”2
Aµ3Bµ
Cµ

Orthogonal diagonalization of the matrix
leads to a massive Zµ = 1√
g2+g′2+g”2
(gA3µ −
g′Bµ − g”Cµ), a massless photon
= 1√
g2+g′2
(g′A3µ + gBµ) and a new massless
field, Yµ = 1√
g2g”2+g′2g”2+(g2+g′2)2
(gg” A3µ −
g′g”Bµ + (g2 + g′2)Cµ).
To avoid harming the perfection of elec-
troweak theory, g
′′
would be very small. Cor-
respondingly, Zµ remains intact and we have a
neat solution, Yµ = Cµ. From the gauge trans-
formation of Uφ(1), we should know that Yµ
can only be interacted via Y charge.
Furthermore, one may consider another
regime that the U(1) symmetry is broken
by inflatons. The case of symmetry break-
ing of inflaton coupling to the gauge field
via electric charge has been studied [19], in
which they infer as the origin of the primor-
dial magnetic field [20]. From the coupling,
L1 = c(F+Φ+Φ+F), the inflaton carrying the
weakhyper charge, Y=1, is apparent. Under the
circumstances of connecting inflaton F0 with
massless field Yµ we couple them by U(1) sym-
metry via Y=1 and a coupling constant g
′′′
.
Gauge symmetry brings us
L3 = (DµF0)†(DµF0)
= (DµF0)2 + g
′′′2YµYµF20 . (3)
After inflation, the inflation field rolls into
the potential minimum. In this regime, it shifts
to have < F0 >= V0 ∼ 10−4Mpl[19]. Indeed,
F0 plays the role of Higgs field and symmetry
breaking brings
Lmass =
1
2
2g
′′′2V20 YµY
µ =
1
2
m2YµYµ (4)
Figure 3: the dynamical particle hitting Higgs particles
to gain the mass spans the mean free path.
In the early universe, inflaton F evolves into
the reheating phase [16], when it passes most of
its energy to other particles and decays dramat-
ically after inflation. Far away from the phase,
we postulate that inflation fields are not extinct
but decay to be extremely scarce. Furthermore,
from the particle physics perspective of giving
mass by Higgs field, the particle that collides
with Higgs boson has been conferred the mass.
The more frequently the particle hits, the heav-
ier mass it carries. Conceptually, comparing to
a heavier particle, a lighter particle would have
a small coupling constant and then correspond
to a longer mean free path, as shown in Figure
3. In our case, since the density of inflaton is
very dilute in space, a particle which seldom
collides with inflatons needs a very long mean
free path. Therefore, it effectively reflects a
very small coupling constant. From Eq (3), af-
ter symmetry breaking we may expect a very
small g
′′′
, since the density of F is extremely
low in our present universe. In another way, in
L1 = c(F+Φ+Φ+F) , c represents the chance
for converting between Φ and F. In the low en-
ergy limit, the interaction between Φ and F is
rather faint by the fact that F is so dilute. This
corresponds to an extremely small c. From
figure 2, we see that the tiny perturbative en-
ergy entering the potential can trigger the Yµ
particle, or reciprocally we may assume that
the energy ∆E converts to Yµ and expect that
g
′′′
∝ c[21]. Given the extremely light mass and
dynamics of Yµ to what is this field correspond-
ing? We present two applications,ΨDM[7] and
Bullet Cluster [8].
III. ΨDM
Adding dynamical term to Lmass, we have
4
L f = −14YµvY
µv +
1
2
m2YµYµ, (5)
where Yµv = ∂µYv − ∂vYµ. To describe ΨDM
, we consider the nonrelativistic approach of
Yµ first, and one may derive the condensa-
tion by regarding it as the dilute boson gas
via self-gravity. Follow Proca’s method [22].
The Schrodinger equation can be passed from
Klein-Gordon equation of Yµ with the ansatz,
Yµ = e−imtΨµ and elimination of Ψ0. We have
i
∂
∂t
Ψi = −∇2Ψi
Besides, the dilute limit comes from the neg-
ligible interaction between Yµ particles (we will
discuss the interaction later). Therefore, in a
self-gravity particle clump, particles in the di-
lute boson gas can form a Bose-Einstein Con-
densation. The N interacting bosons [23] can
be written down as [24]
i
∂
∂t
Ψ = [−∇
2
2m
− Gm2
∫ |Ψ|2
|~r−~r′|d~r
′]Ψ,
where we always freeze the spin degrees of
freedom in BEC and simply set Ψi = Ψ [25].
Also, we regard it as a classical wavefunction
in depicting the collective mode of particles in
BEC. This approach gives us the well-known
Schrodinger-Poisson equation [24] specializing
in describing the condensation of dark matter
with ultralight particles [7]. In our deduction,
Yµ plausibly fits the criteria of ΨDM via not
only the mechanism but the reasonably ultra
small g
′′′
. In addition, resembling Yµ as ΨDM
benefits the further discussion of Bullet Cluster.
IV. Bullet Cluster
In the case of BC, the accumulated data [10], as
mentioned earlier, limit the interaction of DM-
DM scattering, but open a wide opportunity
that DM may interact with ordinary matters.
In this letter, the interaction Lagrangian pro-
vides a clue to distinguish the two different
modes of scattering, DM-matter and DM-DM.
In fermion-gauge field coupled Lagrangian,
one may have
Lint = iR¯γµDµR + iL¯γµDµL (6)
In our model, there will always be accom-
panied a Uφ(1) when making a UY(1) trans-
formation. Moreover, in the limit of small g
′′
,
Yµ = Cµ and one may independently discuss
Uφ(1). Therefore, narrowing down to the inter-
action involving Yµ gives
L′int = −ig
′′
K f¯γµYµ f (7)
where f represents quarks or leptons and k
depends on weak hypercharge [26]. The com-
bination of L′int and criteria of BC motives us
two possible interactions, the Compton-like in-
teraction in Figure 4 and Yµ − Yµ interaction
(similar to γ− γ interaction) in Figure 5, where
Yµ plays the role of photon.
Although the coupling constant of scatter-
ing amplitude, g
′′
, is driven to a small value,
the smallness of g
′′2 may still be reflected by
observing astrophysically in large particle col-
lisions as in BC. On the other side, g
′′4 is far
below g
′′2, this renders the amplitude of scatter-
ing Yµ −Yµ, ∝ g′′4, negligible. The assumption
that DM particle is collisionless between each
other still applies! Therefore, DM clumps may
pass through each other unaffectedly but exert
forces on ordinary particles.
V. Prospect
In the end, we may prospect the possible effect
of coupling constant g
′′
, g
′′′
and future work.
Since the θ dependence in equation (2) is irrel-
evant to µ, which implies the temperature in-
dependence, we may extrapolate Yµ to interact
with F in the early universe. Therefore, from
the Lagrangian of (3), we expect an interacting
process as shown in Figure 6.
After reheating [16], when the inflatons de-
cay into other particles and become dilute in
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Figure 4: the scattering amplitude of this Compton-like
scattering ∝ g
′′2 to the lowest order.
Figure 5: to mimic a γ− γ interaction, the scattering
amplitude of this Yµ −Yµ scattering ∝ g′′4 to
the lowest order.
Figure 6: a vertex of YµYµ → FF corresponds to a cross
section ∝ g
′′′4 to the lowest order.
the Universe, g
′′′
drops gradually, which im-
plies that Yµ would ultimately decouple from
the inflaton bath. But before that, a process
called preheating phase [27] takes place in be-
tween inflation and reheating. In this period,
particles and gauge fields [19], created and
interacted by inflatons, will be resonantly am-
plified by coherently oscillating and causally
produced explosively. We may expect an explo-
sively increasing particle number of Yµ in expo-
nential growth (Appendix). In another aspect,
if g
′′
is comparable to g and g
′
of electroweak
couplings beyond the scale ∼ TeV, an apparent
decay of Yµ → f f¯ would largely decrease the
abundance of Yµ until g
′′
drops far below g and
g′ to cease the interaction. Therefore the correct
abundance of Yµ should subtract the number
of decayed Yµ from the one after reheating. By
examining the detailed evolution of g
′′
and g
′′′
,
it would not only give the abundance but open
opportunities to discuss the Standard Model in
the vast energy gap from inflation phase to the
pre-electroweak era.
VI. Acknowledge
I would like to thank Yu-Hsiang Lin, Yen-Yu
Lai, Jit-Liang Leong, Liang-Yao Wang, Chun-
Fan Liu, Yan-Ting Chung and Fu-Goul Yee of
National Taiwan University, who benefit me
greatly from the discussion and especially ex-
press my gratitude to professor Tung-Mow Yan
of Cornell University for the useful discussion
and his kindly instruction.
VII. Appendix
In preheating phase, we consider
S =
∫
d4x
√−g( R16piG + Lin f laton − 14 (Yµv)2 +
g
′′′2(YµYµ)F2) . Variation with respect to Yµ
leads to 1√−g
∂
∂xµ (
√−gYµv) + 2g′′′F2Yv = 0.
Choosing Robertson-Walker metric ds2 =
dt2 − a2(t)d~x2 and Y0 = 0 in Lorenz gauge, we
have Y¨i + a˙a Y˙i − 1a2 δYi + 2g
′′′2F2Yi = 0 Expand-
ing Yi into Fourier space yields Y¨k +ω2kYk = 0,
where ω2k = k
2 + 2g
′′′2 f 2 sin2 mt after setting
6
a = 0, a˙ = 0, F = f sin mt and f ≈ const. [27].
The equation performs as a harmonic oscillator
with time dependent ωk. Similar to lattice
vibration, large particles bounded coherently
will correspond to Ek = Nkωk. We simply
term Ek = 12 Y˙
2
k +
1
2ω
2
kY
2
k in the approach.
Moreover, by setting z = mt, p = k
2
m2 + 2q
and q = g
′′′2 f 2
4m2 , we get the Mathieu-like
equation Y
′′
k + (p − 2q cos(2z))Yk = 0, where
the prime denotes the derivative with respect
to z. Solving this equation leads to Floguet
solutions, Yk(z) = eiµkzP(p, q, z), in which P
is a periodic function and µk is the exponent
of complex number. The instability condition
[27], when iµk = vk > 0, shows an expo-
nential magnification of Yk. Therefore, the
occupancy number Nk =
Ek
ωk
∝ e2vkmt, and
NY =
∫ d3k
(2pi)3 Nk, showing an exponential
growth.
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